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   were assigned either to 'Egg Removal' (ER) or untreated 'Control' (CTL) groups (Fig.  1   1) . For ER females, eggs 1 through 14 were removed from the nest on the day they were 2 laid to induce continued laying and supra-normal clutch size. To look at the effect of egg 3 contact after continued laying, eggs 15 and onwards for ER females were no longer 4 removed, but were allowed to accumulate normally in the nest until clutch completion 5 (Fig. 1) . For untreated CTL females in Breeding 2, eggs were immediately returned to the 6 nest in which they were laid after weighing (exactly as for Breeding 1). In all cases, a 7 clutch was considered complete when no additional eggs were produced over two 8 consecutive days. Experiments and animal husbandry were carried out under a Simon 9
Fraser University Animal Care Committee permit (no. 901B 94), in accordance with 10 guidelines from the Canadian Committee on Animal Care (CCAC). 11 12
Hormone assays 13
For Breeding 1, females were blood sampled (max. 1 % body weight, from the 14 brachial vein) on the day the 3 rd egg was laid. Egg day 3 (~6 hours after lights on) was 15 selected based on Haywood (1993a). The same timing was used for blood sampling of 16 both the ER and CTL groups in Breeding 2. However, for Breeding 2, egg removal 17 allowed us to take additional blood samples on the days the 10 th and 17 th eggs were laid 18 (or at clutch completion if this occurred within one day of the 10 th or 17 th egg). These 19 three blood samples were separated by roughly 7 day intervals, and allowed us to look at 20 changes in PRL and LH levels in the absence of eggs in the nest within: a) normal (2-7 21 eggs), and; b) supra-normal clutch sizes (10+ eggs). By leaving the 15 th , 16 th , and 17 th 22 eggs, and blood sampling on egg day 17, we were also able to look at PRL and LH under 23    a third condition: well-beyond the normal clutch size, but still with only 3 eggs in the nest 1 (Fig. 1) . The third sampling condition allowed for a comparison of hormone levels 2 between ER females laying ≥ 17 eggs, CTLs, and Breeding 1 where all females had only 3 three eggs in the nest at the time of blood sampling and ultimately produced different 4 numbers of eggs. Blood sampling was carried out between 11.30 and 13.30, based on the 5 postulated temporal window previously described (Haywood, 1993a), and to control for 6 any potential circadian fluctuations in hormone levels. Blood was thereafter centrifuged 7 at 5000 g for 5 minutes, and plasma was stored at -20 °C until required for hormone 8 assays. 9
Plasma immunoreactive prolactin (PRL) was determined using a 10 radioimmunoassay for recombinant-derived starling (Sturnus vulgaris) PRL described by 11
Bentley et al. (1997) . Samples were measured in duplicate in a single assay, diluted 1 in 3 12 in assay buffer. The sensitivity of the assay, determined to be the estimated concentration 13 two standard deviations above the mean counts per minute of the lowest standard, was 14 7.8 ng·mL -1 , after correcting for dilution. The intra-assay coefficient of variation of this 15 assay was 6.5 %, and serial dilution of individual samples ran parallel along the standard 16 curve within the range assayed. Luteinizing hormone (LH) was measured using a micro-17 modified version of a previously described radioimmunoassay (Sharp et al., 1987) . 18 Samples were run in a single assay, in duplicate when sample volume permitted (>90 % 19 of all samples), diluted 1 in 2.3 in RIA buffer. Assay sensitivity was determined as 20 described above, with a lower limit of 0.087 ng·mL -1 , after correcting for dilution. Since 21 the inclusion of the small number of samples falling below the detection limits of the 22 assays had no qualitative effect on the findings, all samples falling within the standard 23    curve were used and presented. The intra-assay coefficient of variation for this assay was 1 6.4 % for a high value pool and 8.1 % for a low value pool, and a curve generated by 2 serial dilution of zebra finch plasma ran parallel to the standard curve within the range 3 assayed. 4 5
Statistical analyses 6
Data were first examined for normality, outliers, collinearity and interactions 7 between explanatory variables (Zuur et al., 2010). Only LH showed deviations from 8 normality, which was corrected by log transformation. Since there were no statistical 9 differences in the results found using mass alone or the residuals of a regression of mass 10 by tarsus, mass alone was used as a covariate in all relevant analyses. Mass was only 11 included when significant or when affecting the significance of other covariates. Simple 12 comparisons (excluding clutch size; see below) were conducted using ANOVA or 13 ordinary least squares regression. For repeated measures analysis we used linear mixed 14 effects models with individual female as a random factor using the statistical package 15 'nlme' in R 2.12.2 (Pinheiro et al., 2011; R Core Development Team, 2011). Breeding 1 16 starting sample size was 44 pairs, while Breeding 2 sample size was 39 pairs (27 ER 17 pairs; 12 CTL pairs). In both breeding attempts, a subset of females were not available or 18 failed to breed, laid fewer than 3 eggs (i.e., no hormone values for egg day three), or did 19 not provide sufficient plasma for both hormone assays. Also, since individual response to 20 egg removal treatment varied, only a subset of females who laid more than 3 eggs were 21 still laying for the egg 10 blood sample, and only a subset who laid more than 10 egg 22    were still laying for the 17 egg blood sample. As a result, model degrees of freedom vary, 1 particularly for between treatment comparisons. 2
Since clutch size is a discrete count variable, all analyses of this trait were 3 conducted using generalized linear or generalized linear mixed effects models, with 4 quasipoisson variance structure to account for underdispersion (GLMMs carried out 5 using R package "MASS"; Venables and Ripley 2002). Analyses of egg mass was 6 conducted on mean egg mass per clutch. The relationship between PRL or LH and time 7 in days relative to clutch completion was analyzed using linear mixed effect models with 8 hormone levels as the response variable. All analyses were followed with standard model 9 validation procedures to test the assumptions of the test employed. Statistical analyses are 10 presented in the standard forms as follows: linear regression, F df , P-value, R 2 (when 11 significant); general linear regression, χ We analyzed plasma PRL and LH for the blood sample closest to the time of 9 clutch completion in relation to days remaining of egg laying (i.e., day 3 sample for 10 clutches of 3-9 eggs, day 10 for clutches of 10-16 eggs, day 17 for clutches >16 eggs). In 11 contrast to clutch size, the number of days to the last egg takes into account that females 12 may skip a lay day once or more prior to actual clutch completion. We found a positive 13 relationship between plasma PRL and the time in days relative to the last laid egg (β = -14 7.44 ± 1.89 ng·mL -1 for each day further from clutch completion, t 27 = -3.93, P < 0.001; 15 Breeding 1 and 2 for both treatment groups, and LH decreased for CTL but not ER 7 females, but the magnitude and direction of changes in PRL and LH were not correlated 8 with changes in clutch size. Variation in clutch size was not associated with variation in 9 circulating levels of either PRL or LH at the time when follicular inhibition is postulated 10 to occur (the day the 3rd egg is laid; Haywood, 1993a). Although PRL concentrations 11 increased between days 3 and 17 during extended laying of supra-normal clutches, the 12 rate and direction of change in PRL, as well as static levels of PRL and LH on the days 13 the 10 th and 17 th eggs were laid were all unrelated to final clutch size, again failing to 14 confirm the predictions derived from the mechanistic model. However, plasma PRL 15 levels for the sample taken closest to clutch completion were positively correlated with 16 time in days relative to clutch completion for both breeding attempts and treatment 17 groups. This last finding suggests an alternative explanation for the previously described, variability in response to egg removal therefore seems to be an extension of the natural 19 variability in clutch size already present in un-manipulated laying zebra finches 20 (Williams, 1996) , which is integral to our experimental approach. 21
The overall declines in plasma PRL observed between Breeding 1 and 2 could 22 reflect age-related declines in PRL-mediated reproductive investment (Angelier et al., 23    2007). All birds used in this study were of uniform age and breeding experience, which 1 would explain the consistent declines in PRL among all females. Though non-significant, 2 the greater decrease in PRL for ER females that we observed would be compatible with 3 the PRL-based mechanistic model. More intriguing is the decrease in LH for CTL, but 4 not ER females, between Breeding 1 and 2. Declines in both LH and PRL may be part of 5 an overall decrease in reproductive competence, while the absence of such declines in LH 6
for ER females suggest plasticity in response to the perceived requirements of 7
reproduction. This response to egg removal fits the predictions of the PRL-based 8 mechanistic model for clutch size determination in that LH should remain high until PRL 9 reaches some inhibitory threshold. However, an examination of the magnitude and 10 direction of individual changes in PRL, LH, and clutch size revealed no relationship 11 between these traits. Thus, egg removal appears to have exposed latent plasticity by 12 extending the phenotypic range of clutch size, however this uncoupled rather than 13 exaggerated any relationship between clutch size and the putative underlying hormones. 14 The latter finding is inconsistent with a direct role for PRL in clutch size determination. 15 We also found no evidence that individual variation in the magnitude and direction of 16 changes in LH were associated with changes in PRL, as would be predicted by a systemic 17 inhibitory effect of PRL on LH. Other studies have also not found evidence for inhibitory we would expect if these traits were mechanistically linked. 9
Restricting our analysis to the second breeding attempt (Breeding 2) where we 10 manipulated egg laying, clutch sizes for ER females were significantly larger than those 11 of CTL females, validating our experimental approach and consistent with previous 12 studies in zebra finches (Haywood, 1993a; Williams and Miller, 2003) . However, PRL on 13 day 3 did not differ between the two treatment groups even though ER females, on 14 average, went on to lay many more eggs. Despite considerable individual variability in 15 hormone levels on day 3, PRL and LH were both unrelated to clutch size for both egg 16 removal females and controls. Moreover, for supra-normal clutches, PRL and LH on the 17 days the 10 th and 17 th eggs were laid were also not associated with final clutch size, 18 though the power of our ability to detect effects was limited for the later time points. Uncoupling clutch size, prolactin, and luteinizing hormone using experimental egg removal Tables  Table 1. 
